The E2F1 transcription factor is a critical downstream target of the tumor suppressor RB. When activated, E2F1 induces cell proliferation. In addition, E2F1 can induce apoptosis via both p53-dependent and p53-independent pathways. A number of E2F-regulated genes, including ARF, ATM and Chk2, contribute to E2F-induced p53 stabilization. However, it is not known how E2F directs p53 activity towards apoptosis rather than growth arrest. We show that E2F1 upregulates the expression of four proapoptotic cofactors of p53 -ASPP1, ASPP2, JMY and TP53INP1 -through a direct transcriptional mechanism. Adenovirus E1A protein also induces upregulation of these genes, implicating endogenous E2F in this effect. TP53INP1 was shown to mediate phosphorylation of p53 on serine 46. We demonstrate that activation of E2F1 leads to phosphorylation of p53 on serine 46 and this modification is important for E2F1-p53 cooperation in apoptosis. Overall, these data provide novel functional links between RB/E2F pathway and p53-induced apoptosis.
Introduction
The E2F family of transcription factors plays a critical role in the control of cell proliferation by regulating the timely expression of many genes required for cell cycle progression (reviewed in DeGregori 1 ). At least one member of this family, E2F1, can also mediate apoptosis (reviewed in Ginsberg 2 ). Ectopic expression of E2F1 leads to apoptosis in tissue culture cells [3] [4] [5] and transgenic mice. [6] [7] [8] Moreover, a physiological role for E2F1-mediated apoptosis is suggested by the observation that mice deficient in E2F1 have an excess of mature T cells due to a defect in thymocyte apoptosis. 9 E2F1-induced apoptosis occurs via both p53-dependent and -independent pathways.
2 E2F1 signaling to p53 is partially mediated by p14 ARF , which is transcriptionally activated by E2F and encodes a protein that stabilizes and activates p53 by negating the effects of the E3 ubiquitin ligase Mdm2 on p53 (reviewed in Sherr and Weber 10 ). However, E2F1 has been shown to induce p53-dependent apoptosis in ARF-deficient mice and cells, [11] [12] [13] [14] indicating that there are additional, ARFindependent, functional links between E2F1 and p53. E2F1 can induce phosphorylation of p53 on residues that are phosphorylated in response to DNA damage 11, 15, 16 and, in agreement with these observations, E2F1 transcriptionally regulates the expression of the DNA damage-responsive kinases ATM and Chk2 that phosphorylate p53. 15, 17 Consistent with the ability of both ARF and the DNA damage-induced kinases to cause p53 stabilization, ectopic expression of E2F1 indeed induces p53 accumulation. 5, 18 p53 regulates the transcription of many genes that induce cell cycle arrest or apoptosis in response to DNA damage or oncogenic stress. 19 Till recently, it was not clear how p53 'decides' whether to cause growth arrest or apoptosis. Some insights into this decision-making process come from the isolation and characterization of p53 regulators such as ASPP1, ASPP2, 20 JMY 21 and TP53INP1(also named p53DINP1 and SIP). 22 These proteins direct p53 to specifically favor the activation of proapoptotic target genes over growth arrest-related target genes. They are, therefore, considered to be proapoptotic cofactors of p53. The cofactors affect p53 activity via distinct mechanisms: Members of the apoptosis stimulating proteins of p53 (ASPP) family, ASPP1 and ASPP2, interact with p53 and enhance its interaction with the promoter of its apoptotic target, BAX, thereby enhancing p53-induced apoptosis. 20 Another member of the ASPP family, iASPP, antagonizes ASPP1 and ASPP2: it was shown to inhibit p53-induced apoptosis and its depletion induces p53-dependent apoptosis. 23, 24 JMY, another proapoptotic cofactor of p53, interacts with p300, which functions as a coactivator for p53, thereby enhancing the ability of p53 to induce the expression of genes such as BAX, without significantly influencing the induction of p21. 21 The net effect of this is that JMY promotes the induction of apoptosis, but not cell-cycle arrest by p53. 21 Tumor suppressor p53-induced nuclear protein 1 (TP53INP1) was cloned independently from human and mouse cells, and was named p53DINP1 22 and SIP 25 , respectively. TP53INP1 was shown to be a p53-regulated gene. 22, 26 The TP53INP1 protein interacts with p53 27 and with a kinase that phosphorylates p53 on serine 46, 22, 27 thereby inducing phosphorylation of p53 at this site. 22 This modified p53 plays a pivotal role in apoptotic signaling, mainly through regulating the transcriptional activation of p53AIP1, an important mediator of p53-dependent apoptosis. 22 Indeed, ectopic expression of TP53INP1 triggers apoptosis 25 and enhances p53-induced apoptosis. 22 We show here that excessive E2F activity, achieved either by ectopic expression of E2F1 or by disruption of the RB/E2F complexes, results in increased expression of ASPP1, ASPP2, JMY and TP53INP1. Transcription of all four genes is directly regulated by E2F, which binds their promoters in vivo. Furthermore, E2F1 induces phosphorylation of p53 on serine 46 and this modification is important for E2F1-p53 cooperation in apoptosis. These findings delineate a novel mechanism for the cooperation of E2F1 and p53 in apoptosis.
Results
To determine whether E2F regulates the expression of proapoptotic cofactors of p53, we examined the effect of E2F1 on expression of four such cofactors -ASPP1, ASPP2, JMY and TP53INP1. Introduction of E2F1 into U2OS human osteosarcoma cells by retrovirus-mediated gene transfer resulted in a significant increase in the endogenous mRNA levels of all four genes ( Figure 1a) . Human TP53INP1 has two alternatively spliced isoforms 22 and both were induced by E2F1 ( Figure 1a) . Next, we infected WI38 human embryonic lung fibroblasts with a retrovirus expressing a conditionally active E2F1, ER-E2F1. 28 Activation of E2F1 by addition of OHT to these cells led to an increase in mRNA levels of ASPP1, ASPP2, JMY and TP53INP1 (Figure 1b) . The positive effect of E2F1 on the expression of p53 proapoptotic cofactors was also confirmed for the corresponding proteins: activation of ER-E2F1 in U2OS cells augmented the endogenous JMY protein levels (Figure 1c) . Furthermore, induction of ER-E2F1 in WI38 cells led to an increase in ASPP1 protein (Figure 1d ). Of note, a DNA binding-deficient mutant of E2F1 (E2F1 E132) failed to induce accumulation of JMY and ASPP1 (Figure 1c and d), despite being expressed at comparable levels to wt E2F1 (data not shown), implying that the effect of E2F1 is exerted through a transcription-dependent mechanism.
To study the regulation of expression of p53 proapoptotic cofactors by endogenous E2F, we infected WI38 cells with a retrovirus expressing the adenoviral oncoprotein E1A, which disrupts RB/E2F complexes, thereby leading to deregulation of endogenous E2F activity. Expression of E1A led to a significant increase in ASPP1, ASPP2, JMY and TP53INP1 mRNA (Figure 1e ), strongly suggesting that deregulated endogenous E2F transcriptionally activates all these genes.
The TP53INP1 gene is positively regulated by p53. 22 E2F1 can upregulate p53 levels 5, 18 and, therefore, the possible involvement of p53 in E2F1-induced upregulation of TP53INP1 expression was tested using p53-deficient cells. Expression of either E2F1 or E1A in p53-null human H1299 lung adenocarcinoma cells resulted in an increase in TP53INP1 mRNA (Figure 2a ), indicating that this increase can occur in a p53-independent manner. . At 24 h post infection, puromycin was added to the culture for 24 h. Total RNA was extracted from the cells and RT-PCR analysis was performed using primers specific for ASPP1, ASPP2, JMY, TP53INP1 and GAPDH. (b) WI38 cells containing ER-E2F1 were incubated with or without OHT (300 nM) for 8 h. Total RNA was extracted from the cells and RT-PCR analysis was performed using primers specific for ASPP1, ASPP2, JMY, TP53INP1 and GAPDH. (c) U2OS cells were infected with a retrovirus expressing either ER-wild type E2F1 (ER-E2F1) or a retrovirus expressing ER-E2F1-E132. Infected cells were incubated with OHT (300 nM) for the times indicated at the top of each lane. Proteins were extracted from the cells and equal amounts of protein (determined by Bradford assay) were used for Western blot analysis with an anti-JMY antibody (sc-10027). (d) WI38 cells were infected with a retrovirus expressing either ER-wild type E2F1 (ER-E2F1) or a retrovirus expressing ER-E2F1-E132. Infected cells were incubated with OHT (300 nM) for the times indicated at the top of each lane. Proteins were extracted from the cells and equal amounts of protein (determined by Bradford assay) were used for Western blot analysis with an anti-ASPP1 antibody (generous gift of Xin Lu). (e) WI38 cells were infected with a control retrovirus (vector) or a retrovirus expressing E1A (E1A). Total RNA was extracted from the cells and RT-PCR analysis was performed using specific primers for ASPP1, ASPP2, JMY, TP53INP1 and GAPDH The E2F1-induced increase in mRNA levels of the four p53 proapoptotic cofactors was detected also in the presence of the protein synthesis inhibitor cycloheximide (CHX) (Figure 2b and c). Hence, de novo protein synthesis is not required for E2F1-mediated regulation of these four genes, suggesting that they are direct E2F targets. Interestingly, expression of these genes was induced with different kinetics: while induction of TP53INP1 was detectable only 8-10 h after E2F1 activation (Figure 2b) , expression of ASPP1, ASPP2 and JMY was affected by E2F1 already 4 h after addition of OHT (Figure 2c ).
To date, the promoters of these genes have not been functionally characterized. However, examination of the human genomic sequences spanning 1000 base pairs upstream of the putative transcription start site of each of the four target genes (i.e. the 5 0 end of the longest reported cDNA), using the MatInspector program (release 6.2.2), revealed the presence of putative E2F-binding sites in the promoter regions of ASPP1, ASPP2 and TP53INP1 (Figure 3a ): in ASPP1, one site at position À762/À769 (GCGGGAGA); in ASPP2, four sites at positions À130/ À139 (GTTCCCGC), À426/À435 (GCGCCCAA), À656/ À665 (ACGGCAAA) and À993/À1002 (GTTCCCGC); and in TP53INP1, one site at position À342/351 (TTGCCCGC) relative to the transcription start site. No consensus E2F-binding site could be detected in the human JMY promoter; however, various promoters have been shown to recruit E2F via a mechanism independent of the defined consensus site. 29 To further demonstrate the involvement of endogenous E2Fs in regulating the expression of these E2F-responsive genes, we performed a chromatin immunoprecipitation analysis (ChIP) using chromatin from proliferating WI38 human embryonic lung fibroblasts and antibodies directed against E2F1, E2F2, E2F3 and E2F4. The promoter fragments that were amplified were: ASPP1, À380/ þ 4; ASPP2, À207/ þ 16; JMY, À243/ þ 1; TP53INP1, À415/À121. Endogenous E2F1 was found associated with all these promoters (Figure 3b ). In addition, we detected binding of endogenous E2F3 and E2F4 to the ASPP1 and ASPP2 promoters, binding of E2F2 to the JMY promoter and strong binding of E2F4 to the TP53INP1 promoter (Figure 3b) . No binding of endogenous E2Fs was detected to an unrelated genomic fragment (Figure 3b ).
TP53INP1 interacts with a kinase that phosphorylates serine 46 of p53 22, 27 ; moreover, TP53INP1 induces phosphorylation of p53 on this residue. 22 In agreement with the ability of E2F1 to induce TP53INP1 expression, we detected an increase in phosphorylation of p53 on serine 46 upon activation of E2F1 (Figure 4a ). Such an increase was not detected with the DNA binding-deficient mutant of E2F1 (E2F1 E132; Figure 4a ), indicating that the transcriptional activity of E2F1 is required for this phosphorylation, presumably through enhancement of TP53INP1 gene expression. Immunoprecipitates from each sample were analyzed by PCR using primers specific for the ASPP1, ASPP2, JMY and TP53INP1 promoters and for a GAPDH genomic fragment. As a control, a sample representing 0.2% of the total chromatin used for IP reactions was included (input) Figure 2 ASPP1, ASPP2, JMY and TP53INP1 are direct E2F targets. (a) H1299 cells were infected with a control retrovirus (vector) or a retrovirus expressing either E2F1 (upper panels) or E1A (lower panels). Total RNA was extracted from the cells and RT-PCR analysis was performed using primers specific for TP53INP1 and GAPDH. (b, c) U20S cells containing the ER-E2F1 fusion protein were incubated with OHT for the times indicated at the top of each lane. Where indicated, CHX was added for 4 h prior to harvesting. Total RNA was extracted from the cells and RT-PCR analysis was performed using specific primers for ASPP1, ASPP2, JMY and GAPDH genes (b) or the TP53INP1 and GAPDH (c) E2F activates proapoptotic cofactors of p53 T Hershko et al E2F1 and p53 cooperate in apoptosis. 3, 4 However, in view of the growing number of functional links between E2F1 and p53, the relative contribution of each of these links to the E2F1-p53 cooperation is not entirely clear. We, therefore, tested the relevance of E2F1-induced phosphorylation of p53 on serine 46 to the E2F1-p53 cooperation in apoptosis. To this end, p53 and E2F1 were expressed either alone or together in p53-deficient human SAOS-2 cells and the ensuing apoptosis was measured. Expression of either wt p53 alone or mutant p53S46A, in which the serine at position 46 was substituted by alanine, did not cause apoptosis. Activation of ER-E2F1 resulted in significant apoptosis, as determined by the appearance of cells with sub-G1 DNA content (Figure 4b) . Importantly, this E2F1-induced apoptosis was further enhanced by co-expression of wt p53, but not p53S46A (Figure 4b and c) . These data strongly suggest that phosphorylation of p53 on serine 46 plays an important role in E2F1-p53 cooperation in apoptosis. Of note, wt p53 and p53S46A were expressed at comparable levels and were similarly stabilized upon E2F1 activation (Figure 4c ), indicating that stabilization of p53 by E2F1 is not sufficient for E2F1-p53 cooperation in apoptosis.
Discussion
E2F and p53 were shown to cooperate in apoptosis 10 years ago; 3,4 however, the mechanisms that mediate this cooperation are still not fully understood. One mechanism involves E2F-induced activation of genes whose protein products positively regulate p53 stability and transcriptional activity; this group is constantly growing and presently includes ARF, ATM, Chk2 and PIN1. [15] [16] [17] [30] [31] [32] [33] [34] [35] [36] After its stabilization and activation, p53 can elicit a number of different cellular responses including, most notably, growth arrest and apoptosis. The E2F-regulated genes listed above, while contributing to p53 activation, do not explain how E2F1 directs p53 to favor apoptosis over growth arrest. Such explanation is now provided by our finding that ectopic expression of E2F1 or deregulation of the RB/E2F pathway result in coordinated upregulation of four proapoptotic cofactors of p53, ASPP1, ASPP2, JMY and TP53INP1 via a direct transcriptional mechanism.
ASPP1 and ASPP2 also induce apoptosis independently of p53 by binding to the p53 family members, p63 and p73. 37 Therefore, their activation by E2F1 may play a role also in E2F1-induced p53-independent apoptosis.
As shown here, E2F1 upregulates the expression of TP53INP1. TP53INP1 was previously shown to induce phosphorylation of human p53 on serine 46 22 and, indeed, we detect an E2F1-induced phosphorylation of p53 on serine 46. This covalent modification of p53 was reported to occur upon severe DNA damage and play an important role in p53-mediated apoptosis. 38 Of note, we and others demonstrated that E2F1 also induces phosphorylation of p53 on other residues that are similarly phosphorylated after damage, including serine 15 and serine 20.
11,15,16 E2F transcriptionally activates the kinases ATM and Chk2 and this most probably contributes to E2F-induced p53 phosphorylation on these residues. 15, 17 It remains to be determined whether E2F also regulates the expression of kinases such as HIPK2, which mediates p53 phosphorylation on serine 46. 39, 40 As shown here, E2F1-induced phosphorylation of p53 on serine 46 is required for E2F1-p53 cooperation in apoptosis, as evidenced by the fact that a mutant p53 incapable of undergoing phosphorylation at serine 46 fails to exhibit such cooperation. Interestingly, E2F1 still stabilizes this p53 mutant, indicating that E2F1-induced stabilization of p53 is not sufficient for E2F1-p53 cooperation in apoptosis.
Upon its phosphorylation on serine 46, p53 was shown to transcriptionally activate the proapoptotic gene p53AIP1. 38 In agreement with this report, we observe an increase in p53AIP1 mRNA levels after E2F1 activation. However, E2F1-induced elevation of p53AIP1 expression can also occur in p53-deficient cells (data not shown), suggesting that p53AIP1 may be independently regulated by both p53 and E2F1. Thus, E2F1 may regulate the expression of p53AIP1 both directly and indirectly, via p53. A number of additional genes, including Apaf-1, PUMA, Noxa and SIVA, were shown to be directly regulated by both p53 and E2F1. [41] [42] [43] [44] [45] [46] [47] [48] Presumably, the cooperation between E2F1 and p53 in the activation of some proapoptotic genes leads to enhanced expression of those genes, also contributing to the E2F1-p53 cooperation in apoptosis.
In summary, E2F1-p53 cooperation in apoptosis may involve a number of parallel and perhaps synergistic mechanisms. First, E2F1 contributes to stabilization and general activation of p53 by transcriptionally activating ARF, ATM, Chk2 and PIN1; this, by itself, does not favor apoptosis or growth arrest. Second, E2F1 induces expression of the proapoptotic cofactors of p53, ASPP1, ASPP2, JMY and TP53INP1, thereby directing p53 to its proapoptotic targets. Thirdly, E2F1 directly activates some of the p53 proapoptotic target genes such as Apaf1, PUMA, Noxa, SIVA and probably also p53AIP1, thereby augmenting the upregulation of the corresponding transcripts by p53. Additional studies are required to fully elucidate the combinatorial effects of these different mechanisms and the intricate network by which E2F1 affects the levels and activity of p53 and its family members.
Materials and Methods

Plasmids and antibodies
The following plasmids were described previously: pBabe-puro-HA-ER-E2F1 and pBabe-puro-HA-ER-E2F1 E132, 43 pBabe-puro-E2F1. 15 pBabe-puro-E1A12S was a kind gift of K Helin. pBabe-puro-p53 WT and pBabe-puro-p53 S46A were constructed by subcloning the inserts from pC53-SN3 and pC53-SNS-S46A, 38 respectively, into pBabe-puro vector following standard molecular cloning procedures.
The following antibodies were used for immunoblotting: anti-JMY (L-16) (Santa Cruz Biotechnology, sc-10027), anti-ASPP1, 20 anti-p53 (CM1; Novocastra) and anti-p53 (Ser46) (Cell Signaling Technology, #2521).
Cell culture
U2OS and Saos-2 osteosarcoma cells expressing the ecotropic receptor (EcotR) were cultured in DMEM plus 5% FCS. EcotR-expressing H1299 cells were cultured in RPMI 1640 plus 5% FCS. Early passage (passage [16] [17] [18] [19] [20] WI38 human embryonic lung fibroblasts and EcotR-expressing WI38 fibroblasts were grown in MEM plus 15% FCS, 2 mM L-glutamine, 1 mM sodium pyruvate and nonessential amino acids. Cells were maintained at 371C in a humidified 8% CO 2 -containing atmosphere. Retroviral infections were performed essentially as described. 47 To activate ER-E2F1, cells were treated with 4-hydroxytamoxifen (OHT) (300 nM) for the indicated duration. CHX was used at 10 mg/ml.
RT-PCR and Western blotting
Total RNA was extracted from cells using the Tri Reagent method (MRC, TR-118). Semiquantitative RT-PCR was performed essentially as described. 49 Primers specific for GAPDH, 0 -AAACCTTCTCATTGAACATCCC and 5 0 -CCATTGT GCTTGACTTGCC, were used in PCR amplifications. Western blot analysis was performed essentially as described. 15 
Chromatin immunoprecipitation
Chromatin immunoprecipitation was performed essentially as described. 47 Antibodies to HA (Santa Cruz, sc-805), E2F1 (Santa Cruz, sc-193), E2F2 (Santa Cruz. Sc-633X), E2F3 (Santa Cruz, sc-879) and E2F4 (Santa Cruz, sc-1082 þ sc-866) (1.2 mg per immunoprecipitation) were used to precipitate chromosomal DNA, employing crosslinked chromatin prepared from exponentially growing WI38 cells. The immunoprecipitated DNA was analyzed by PCR using the following primers: ASPP1, 
FACS analysis
Cells were trypsinized and fixed in 70% ethanol (41C, overnight). After fixation, cells were centrifuged for 5 min at 1200 rpm and incubated for 30 min at 41C in 1 ml of PBS, centrifuged and resuspended in PBS containing 25 mg/ml propidium iodide and 50 mg/ml RNAse A for 20 min at room temperature. Fluorescence intensity was analyzed on a FACSCAN machine (Becton Dickinson).
